We have structurally, chemically and electronically characterized the most stable (010) surface of a Mo-doped BiVO 4 single crystal. Low energy electron diffraction (LEED) reveals that the surface is not significantly reconstructed from a bulk termination of the crystal. Synchrotron based X-ray spectroscopies indicate no surface enhancement of any of the crystal constituents and that the Mo dopant occupies tetrahedral sites by substituting for V at the surface. Using resonant photoemission to study the valence band structure as the V L 3 edge is scanned we observe an intra-band gap state associated with reduced vanadium formed by the Mo doping. This state is likely associated with small polaron formation at the surface. This feature is enhanced at a photon energy that is not resonant with any of the main features in the absorption spectrum of the pristine BiVO 4 . This indicates that the additional electron from Mo doping likely induces further distortion of the VO 4 tetrahedral units and generates a new conduction band state either by splitting of the V dz 2 states or by hybridization of V d zx and V dz 2 states. We measure a work function of 5.15 eV for the BiVO 4 (010) surface. Measurement of the work function allows us to recast the electronic energy levels onto the normal hydrogen electrode scale for comparison to the standard reduction and oxidation potentials of water. This detailed study should provide a basis for future work aimed at a molecular level understanding of BiVO 4 /electrolyte interfaces used for photoelectrochemical water splitting.
Introduction
One of the greatest obstacles to the widespread adoption of solar energy is its intermittency.
Producing chemical fuels using sunlight (i.e., solar fuels) is a potential way to store solar energy and mitigate this intermittency. 1, 2, 3, 4 Despite increasing interest in the direct conversion of solar light into liquid fuels by photoelectrochemically reducing carbon dioxide, 5, 6, 7 solar fuel research to date has primarily focused on photoelectrochemical water splitting to produce hydrogen (H 2 O + sunlight → H 2 + O 2 ). The generated hydrogen can be used as a primary energy source (e.g., in hydrogen fuel cells) or for the production of synthetic fuels via Fischer-Tropsch synthesis. 8, 9, 10, 11, 12, 13, 14 The successful implementation of solar hydrogen into the energy landscape would further spread the usage of solar energy technologies and could potentially secure a large fraction of the world's future energy needs.
Water oxidation is currently viewed as the major limitation to efficient solar water splitting.
As a result, material research efforts focus mainly on photoanodes for the oxygen evolution reaction (OER). The material requirements for solar water splitting photoanodes are quite demanding. First, the valence band maximum (VBM) of the semiconductor must be lower than the oxygen evolution potential (+1.23 V vs. normal hydrogen electrode, NHE, at pH 0) to allow holes to transfer to the electrolyte and oxidize water. Secondly, the semiconducting material should have a band-gap between 1.5 and 2.5 eV to harvest a significant fraction of the solar spectrum, and develop enough photovoltage to sustain water splitting (1.5-1.8 V). 4 Finally, the material must be stable for years under illumination in aqueous electrolyte solution, over a broad temperature range. Due to their strong potential for satisfying these criteria, multinary semiconducting metal oxides are currently being investigated as water splitting photoanode materials. 15 Bismuth vanadate (BiVO 4 ), a ternary metal oxide, is currently viewed as among the most promising of multinary semiconducting metal oxides for solar water splitting. 9, 10, 16, 17, 18, 19 BiVO 4 is an n-type semiconductor with an indirect band-gap of 2.4 − 2.5 eV, 20, 21, 22 implying that approximately 11 % of the solar spectrum can be harvested. Recent reports of about 8% solar to hydrogen (STH) conversion efficiency in a hybrid photovoltaic/photoelectrochemical device under AM 1.5 illumination places it among the most successful oxide photoanodes to date. 23, 24 BiVO 4 , however, suffers from high charge carrier recombination rates and limited charge mobility due to polaron formation. Since water splitting is ultimately an interfacial chemical process, the performance of BiVO 4 photoanodes may be further limited by the analogous surface processes; charge recombination at surface states and surface polaron formation through charge coupling to surface phonons. 25, 26, 27, 28, 29 Metal doping, in particular W and Mo doping, has been widely used to increase charge carrier conductivity and to reduce the band-gap of BiVO 4 . 4, 15, 26 Theoretical studies have investigated the effects of doping on the bulk 30 and surface electronic properties of the monoclinic scheelite phase of BiVO 4 . 31, 32, 33 These studies have shown that the (010) surface is the lowest energy surface and the natural cleavage plane. 32, 33 When doping with Mo, Ding et al. suggested that the Mo dopants selectively occupy Bi sites at the (010) surface, whereas it occupies V sites in the bulk of the material. 33 Further, the Mo dopant was calculated to be more stable at the surface than in the bulk which may lead to enhanced Mo concentrations at the surface. Luo et al. found that Mo doping led to Mo located at V sites throughout the material. 34 Interestingly, W and Mo doping of BiVO 4 leads to the formation of intra-band gap states. These states have been attributed to the localization of the excess electron in V 3d valence orbitals (most likely of e symmetry) which formally changes the oxidation state of V from V 5+ to V 4+ and leads to the formation of localized small polaron states. 22, 32, 35 
Experimental

Crystal Growth
The starting oxides Bi 2 O 3 , V 2 O 5 and MoO 3 were of a minimum 99.99% purity. To prepare the starting melt, the powders were dried, mixed in the stoichiometric ratio, sintered and finally isostatically pressed following standard procedures. The crystals were grown by the conventional Czochralski technique with RF-induction heating and automatic diameter control. Because of the low melting temperature of BiVO 4 (1213 K), platinum crucibles were used as the melt container. This means that the crystals could be grown in air. To adjust the required temperature gradients, an active afterheater was installed above the crucible. The crucible dimensions were 40mm in diameter and height; the afterheater was of the same diameter and 70 mm in height. Thermal insulation was provided by an outer alumina ceramic tube filled with alumina granules. The seed crystal was obtained from spontaneously crystallized material. The pulling rate was 1.0 mm h -1 and the rotation rate was 10 rpm. After growth, the crystal was cooled down to room temperature over 20 h. The resulting crystal was of 77 mm in length and 18 mm in diameter.
Surface Preparation
Approximately 5 mm x 5 mm x 5 mm Mo-doped (nominally 1 at.%) BiVO 4 samples were cut from the bulk crystal. The sample was first cleaved on the bench top parallel to the (010) plane. The sample was then thoroughly rinsed with high purity ethanol (Aldrich, > 99.99%) and Milli Q water (ρ=18.2 MΩ · cm), blown dry with N 2 (g) and introduced into the vacuum chamber. Once introduced into the chamber, the sample was heated to 300° C for 60 min in UHV (~ 10 -9 Torr) and then cooled down to room temperature.
The sample was then heated to 300° C in 1.0 Torr of O 2 (g) and then cooled down again to room temperature. The optimal heating duration in O 2 (g) was determined by in situ monitoring and minimization of the C 1s signal. X-ray photoelectron spectroscopy (XPS) revealed that this procedure produces a clean, well-ordered surface with no indication of Mo surface segregation. The absence of surface carbon contamination was verified by the lack of a signal in the C 1s core level spectrum upon returning to room temperature and UHV conditions ( Figure S1 ). Low energy electron diffraction (LEED) patterns were acquired after each preparation cycle, to control the surface orientation and structure.
Soft X-ray photoelectron, resonant photoelectron and absorption spectroscopies
The experiments were conducted at two end-stations located at two different synchrotrons.
Beamline 11.0.2 at the Advanced Light Source
The end-station of beamline 11.0.2 at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, U.S.A.) was used for XPS, resonant photoemission spectroscopy (ResPES) and partial electron yield near edge X-ray absorption (PEY−NEXAFS) measurements. The source for the beamline is an elliptically-polarized undulator delivering photons from 90 eV up to ~1600 eV. 36 The pressure in the experimental chamber was kept under ultra-high vacuum conditions (UHV, pressure ~10 -9 Torr). The experimental endstation is equipped with a Near Ambient Pressure Phoibos 150 electron analyzer (SPECS). XPS, ResPES and PEY-NEXAFS measurements were carried out in the dark and at room temperature with the electron energy analyzer placed at the magic angle (54.7°) between the X-ray polarization vector and the photoelectron momentum vector. The photoelectrons had a take-off angle of 47° from the surface normal. 36 The X-ray polarization was horizontal for all measurements.
The XPS data (valence band (VB) and Au 4f, Bi 4f, Mo 3d, C 1s, V 2p and O 1s core levels) were acquired using a photoelectron kinetic energy (KE) of 200 eV, a step size of 0.05 eV and a pass energy of 20 eV. We used 10 x 50 μm 2 (dispersive x non-dispersive) slit widths for all measurements. Under these conditions, the total resolution (beamline and electron analyzer) was better than 100 meV at 735 eV at room temperature as measured by the Au 4f 7/2 full-width at half-maximum (FWHM). At KE=200 eV the photoelectron inelastic mean free path (λ e ) in BiVO 4 , determined with the "simulation of electron spectra for surface analysis" software (SESSA), 37 was equal to ~8 Å. The nominal photon energies used to yield and O K edges) were acquired using a photoelectron KE of 425 eV (~ 13 Å). The analyzer pass energy was set to 100 eV, giving an energy window of ±10 eV around the KE setpoint. The photon energy step was set to 0.1 eV, and the integration time was 1.0 s. The beamline resolution was better than 0.1 eV.
The ResPES measurements across the V L 2,3 were conducted by acquiring VB spectra as the V L 3 edge was scanned. The photon energy was scanned in steps of 0.1 eV. The VB spectra were acquired with a photoelectron KE step of 0.05 eV and an integration time of 0.3 s.
BACH beamline at the Elettra synchrotron
The BACH beamline (Beamline for Advanced diCHroism) is served by two APPLE-II elliptical undulators that are used alternatively in order to optimize the flux with respect to the selected photon energy. The beamline delivers photons with energy in the range of 35-1650 eV. 39 The end-station is equipped with a Scienta R3000 spectrometer. All experiments were conducted in UHV at pressures < 5 x 10 -10 mbar.
NEXAFS measurements performed at the BACH beamline used the total electron yield (TEY) detection mode. TEY-NEXAFS was performed in UHV (pressure ~10 -10 Torr), in the dark and at room temperature with horizontally linearly polarized light under grazing incidence ('out of plane') conditions. The take-off angle was set to 20° from the surface normal. The PE step was set to 0.1 eV, and the integration time set to 1.0 s. At room temperature the spectral resolution was less than 0.1 eV. The work function (ϕ) measurements were carried out at a nominal photon energy of 47 eV (horizontal polarization) and normal emission. The angle between the Poynting vector of the radiation and the electron analyzer was equal to 60°. The pass energy was set to 5 eV and the overall spectral resolution (beamline and electron analyzer) was better than 0.02 eV at room temperature.
Spectra Calibration
The binding energy (BE) scale for the core level and VB spectra was calibrated using the Au 4f photoelectron peak from a clean gold polycrystalline surface as a reference (4f 7/2 BE = 84.0 eV). This is valid as long as there is no band bending or charging of the sample. Figure S2 shows normalized and calibrated Bi 4f core level spectra acquired at different photon energies: 360 eV, 520 eV and 735 eV. Each spectrum has a different information depth, photoionization cross section and photon flux. Since no binding energy shifts or differences in peak broadening are observed we can exclude the presence of band bending on the clean surface. Sample charging is typically a function of the photon flux and the photon energy dependent photoionization cross-section. The flux at a photon energy of 520 eV was about 1.3-times higher than that at 360 eV, whereas the flux at a photon energy of 735 eV was about 10% of that at 360 eV. The absence of any detectable change in the Bi 4f core level spectra with changes in the photon energy indicates that the sample does not significantly charge during photoemission measurements. Lastly, LEED patterns were readily obtained from the sample further indicating that the sample does not appreciably charge.
For the ResPES data the initial photon energy (PE) was calibrated by acquiring the Bi 4f spectrum of the Mo(1 at.%):BiVO 4 sample with the first and the second order light of the chosen photon energy; the photon energy was assumed to be equal to the difference in kinetic energy of the Bi 4f 7/2 peak for the spectra acquired with first and second order light. The final photon energy was calibrated by acquiring a Bi 4f spectrum at the final photon energy (1 st order only) and assuming the kinetic energy difference between the initial and final Bi 4f spectra taken with 1 st order light was equal to the difference in photon energy. Binding energies of the VB spectra were calibrated by periodically taking Bi 4f spectra at specific photon energies and using its calibrated BE as a reference value. The photon energies for the NEXAFS measurements were calibrated using the known XAS resonance positions of O 2 gas.
Data Analysis
Quantitative PES was performed using the normalized integrated peak areas of each core level. The normalized areas were obtained by dividing the raw integrated core level peak area by the corresponding photoionization cross section (reported above for each core level) and photon flux. The photon flux was measured using a Si photodiode (Opto Diode, AXUV100G, 10 mm ×10 mm × 55 μm).
All fits reported in this work have been carried out using symmetrical pseudo-Voigt functions (G/L ratio ranging from 85/15 to 75/25) after Shirley background subtraction. During the fitting procedure, the Shirley background was optimized together with the spectral components, increasing the precision and reliability of the fitting procedure. 40, 41, 42 The VB was de-convoluted by subtracting the background and fitting with symmetrical Voigt functions (G/L ratio ranging from 85/15 to 95/5). The Tougaard background was chosen for the VB analysis. determined experimentally on single crystals via neutron and X-ray diffraction 45 and theoretically using density functional theory (DFT) calculations. 30 The crystallographic directions and surface indexes used in Figure 1a , and throughout the text, are defined within the conventional C/2c space group setting, 46 according to Zhao et al. tetrahedra. 46 The resulting (010) surface has the lowest surface energy (γ) among the BiVO 4 crystal facets. 32, 46, 47 Moreover, the BiVO 4 (010) surface possesses high charge carrier mobility and photocatalytic activity for water oxidation. 32, 48 The BiVO 4 (010) surface has a square unit cell with sides 5.11 Å in length, as recently reported by Zhao et al. (Figure 1a) . 47 We have characterized the BiVO 4 (010) surface using low energy electron diffraction (LEED) after the cleaning procedure described in the experimental section.
Our results show that the clean crystal surface exhibits a 1×1 square LEED pattern, consistent with the (010) orientation of the surface (Figure 1b) . To determine the surface lattice constant,
we have used a LEED pattern from the BiVO 4 surface obtained at 100 eV primary electron kinetic energy (E p ) and calibrated it using the LEED pattern from the 1×1 unreconstructed hexagonal lattice of a Pt(111) single crystal also taken with E p = 100 eV primary kinetic energy (see Figure S3 and related discussion). We determined a surface lattice constant, of 5.56 ± 0.42
Å. This suggests that the cleaved (010) surface is not significantly reconstructed within the surface plane. In Figure 2c the V 2p spectrum is shown. The 2p 3/2 peak is centered at a BE of 516.9 eV. This value is in line with the V 5+ oxidation state, as expected for the stoichiometric material. 49, 50, 51 The inset in Figure 2c shows 
Local geometry determined using Near Edge X-ray Absorption
To gain further information about the local bonding in the Mo-doped BiVO 4 single crystals, we performed near edge X-ray absorption fine structure (NEXAFS) measurements using total electron yield (TEY) detection at the V L 3,2 , O K and Mo M 3 edges (Figure 3) . These involve the Due to hybridization between metal states and O 2p states the O K-edge NEXAFS spectrum can provide insight into unoccupied metal states. 58 The features centered at 529.1 eV (σ*) and 530.6 eV (π*) are from hybridization between the O 2p and V 3d states. 59 The prominent peak at 534.1 eV is related to O 2p and Bi 6p hybridized states. 20 Finally, a broad feature centered at eV) and splitting into the e (395.6 eV) and t 2 Figure 3b ) yields good agreement with the experimental data. Note that the satellite feature centered at 399.3 eV, has been attributed to ligand-to-metal charge transfer 60 and is not included in the simulation. We also compared our experimental data to a set of spectral calculations that used the same parameters as above, but instead inserted Mo 3+ in an octahedral crystal field (point group O h ) as would be expected if the Mo dopant substituted for
Bi. 63 For the sake of completeness, the 10 Dq parameter was varied from 1.5 eV to 3.0 eV. 
Electronic structure of the Mo(1 at.%):BiVO 4 (010) surface
Previous DFT calculations predict that the V 4+ generated by the Mo 6+ dopant should produce a state above the valence band maximum (VBM). 32 As shown by Zhao et al. 30 and Liu et al., 32 O 2p levels dominate the VB density of states near the VBM. This makes identifying the different elemental and orbital contributions to the VB difficult. Resonant photoelectron spectroscopy (ResPES), however, can be used to de-convolute the VB into its various elemental and orbital contributions. 64, 65, 66, 67 We have used V L 3 ResPES to understand in more detail the V contributions to the valence electronic structure. Figure 4a shows a ResPES VB map of Mo(1 at.%):BiVO 4 (010) generated by acquiring VB spectra while scanning the photon energy across the V L 3 edge (Figure 4b) . Two selected VB spectra are shown in Figure 4c which were taken in off-(photon energy = 514.0 eV) and on-resonance conditions (photon energy = 517.4 eV).
Figure 4d
shows a magnification of the VB spectrum around the VBM for off-and onresonance conditions. The VBM is equal to 2.3 eV as determined from the off-resonance spectrum using the intercept method of Kraut et al. 68 Following the procedure developed by
Okabayashi et al., 69 we subtracted the off-resonance spectrum from the on-resonance one, thereby obtaining the V 3d contribution to the VB. Our findings are in agreement with the V 3d pDOS obtained from DFT calculations which show that the middle of the VB is mainly composed of V 3d and O 2p hybridized orbitals. 20, 30, 32 To gain further insight into the electronic structure of the (010) surface, the VB spectra were fitted with pseudo-Voigt functions as done by Cooper et al. 20 The components were then assigned to the specific molecular orbitals (MO) based on the work of Zhao et al. (see Figure 5) . 30 First we consider the off resonant VB spectrum in Figure 4c . Before discussing the enhancement of the VB features under resonant conditions, we first discuss the V L 3 edge PEY−NEXAFS spectrum (Figure 4b ) in terms of the BiVO 4 MO diagram shown in Figure 5 . In the NEXAFS spectrum three major peaks labelled as V e, V-O π*, and V-O σ* are observed. In addition, there is a peak, labeled ex, at low photon energies and a peak at high photon energies, labeled Bi σ*. The conduction band minimum (CBm), was identified using the first derivative of the NEXAFS spectrum and is at a photon energy of 515.9 eV (note that DFT calculations have shown that the CBm is mainly composed of V 3d states, therefore the V L 3 edge NEXAFS spectrum should provide an accurate position of the CBm 30, 31, 32, 33 ). To aid discussion, a fit of the NEXAFS spectrum is included in Figure 4b . The lowest photon energy state, ex, at a photon energy of approximately 515.1 eV and 0.8 eV below the CBm, is likely associated with a core hole exciton. Such a state is generated by the Coulombic interaction of the electron photoexcited from the V 2p 3/2 core level and the core hole left by that electron. 71 Another possibility is excitation of an electron into a localized, small polaronic state at V 4+ sites generated by doping with Mo. 32 DFT calculations locate this state at 0.3 eV below the CBm. 32 Significant energy shifts from the calculated value for this state might be expected due to stabilization of this state by the core hole generated during the absorption process. The next highest energy state, the e state, is centered at a photon energy of 516.1 eV, or about 0.2 eV above the CBm. This state corresponds to the crystal field split V 3d z 2 and 3d x 2 −y 2 orbitals that are mostly unhybridized. 30 The next highest energy feature is located at a photon energy of about 517.0 eV and is about 1.1 eV above the CBm. This state is a π anti-bonding state (π*) formed by hybridization of the V e states and O 2pπ states. 30 In this spectral region contributions from the V d zx state may also be expected due to mixing with the V d z 2 orbital caused by distortion of the VO 4 tetrahedra in the ms-BiVO 4 structure. 20 The σ* spectral feature is the most dominant peak in the spectrum and is centered at approximately 518.4 eV, or 2.5 eV above the CBm. It is generated by the higher energy CFS branch, t 2 , composed of the V 3d xy , 3d yz , and 3d zx orbitals, mixing with O 2pσ
states. 30 The Bi antibonding 6p σ* state is located at about 3. In the study of Jovic et al., VB spectra were acquired at photon energies in resonance with specific features in the V L 2,3 edge. The highest intensity of the above VBM feature was observed when the photon energy was tuned in proximity of the V 3d e band. 22 However, the increased density of VB sampling as a function of photon energy in our study allows us to observe that the maximum intensity of the above VBM feature is at a photon energy of 517. with O 2p states and/or mixing of V 3d zx and V 3 2 orbitals which leads to the splitting of the V-O π* state to form a state at 517.4 eV. Furthermore, this state must be highly localized (i.e., on the same V 4+ atom as the V 2p core hole) and therefore likely associated with a small polaron formed upon Mo-doping. 64 Regardless of the precise nature of the CB state associated with the resonance enhancement of the above VBM feature, this work provides further experimental evidence for the formation of an intra-band gap small polaron state, through the self-localization of the excess electron provided by Mo doping. 28, 29, 32 Connection to photoelectrochemistry: Energy levels on the normal hydrogen electrode scale
To put the valence band measurements and NEXAFS measurements on a common energy scale, i.e., the BE scale, the NEXAFS photon energy axis was converted into an energy relative to the Fermi energy of Mo(1 at.%):BiVO 4 (010). This was done by placing the experimentally determined CBm (see above) at the CBm position provided by DFT calculations, i.e., 0.3 eV above the Fermi level 32, 33 . The validity of this relies on the accuracy of the DFT calculations in predicting the CBm, which is composed mainly of V 3d states. [30] [31] [32] [33] Since reference electrode values are given relative to the vacuum level, to convert the BE scale to an electrochemical scale we need to know the work function (φ) of the Mo(1 at.%):BiVO 4 (010) surface. The BE scale can then be converted to a scale where the vacuum level is at zero and bound electronic states are negative in energy according to:
where E VAC is the energy relative to the vacuum level. φ can be determined by measuring the secondary electron cutoff (SEC). Using a photon energy of 47 eV, we find a φ value of 5.15 ± 0.05 eV for the Mo(1 at.%):BiVO 4 (010) surface (see Figure S5 ). This is consistent with previous φ values reported for polycrystalline BiVO 4 films. 20 74 Since band bending is the result of a deviation from charge neutrality, a charge neutral surface should display no band bending. 75 However, in many cases semiconductors in vacuum exhibit band-bending due to nonzero surface charge. We performed depth profiling by acquiring the Bi 4f core level spectra at different photon energies to check for band-bending at the Mo(1 at.%):BiVO 4 (010)/vacuum interface (see Figure S5) . The photoelectron kinetic energy was changed between ~200 eV and ~575 eV, corresponding to changes in the photoelectron inelastic mean free path (information depth) of 7.2 Å (21.6 Å) to 14.1 Å (42.3 Å). The absence of any significant binding energy shift or changes in peak width of the Bi 4f core level at the different kinetic energies ( Figure S5) allows us to conclude that the clean Mo(1 at.%):BiVO 4 (010) surface in UHV does not exhibit band bending and is therefore representative of flat-band conditions. 68 The absence of band bending also implies a homogeneous charge distribution and therefore distribution of ionized Mo dopants and reduced V. This is consistent with the surface concentration of Mo 6+ being equal to the expected nominal bulk concentration (see above). Our measured energetic values should therefore be equivalent to those for a pH at which the surface charge is zero. This implies that a correction factor for the change in potential with pH needs to be taken into account when converting the energetic values relative to the vacuum (E VAC ) level to those versus NHE (E NHE ).
For several metal oxides it has been found that the energy levels change by approximately 0.06 eV per pH unit. 76 Since the isoelectric point of BiVO 4 in aqueous solution has been experimentally and theoretically determined to be at pH 3.5, 77,78 this correction factor is equal to 0.21 eV, and 
Conclusions
We This allows us to put the electronic energy levels on an electrochemical scale. The small polaron formed by Mo doping is located midway between the VBM and the water oxidation potential.
This likely has a strong influence on the photoelectrochemical performance of BiVO 4 -based water splitting photoanodes by effecting the recombination of charge carriers and charge mobility at the surface.
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